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ABSTRACT
An enzyme-catalyzed synthesis of novel polymers within layer-by-layer (LbL) 
constructed polyelectrolyte microcapsules has been developed. This approach is based on the 
selective permeability of polyelectrolyte-capsule walls to monomer molecules. Conversely 
biocatalysts and forming polymeric chains cannot exit the micro-capsule interior because of their 
characteristic high molecular weight. Horseradish Peroxidase (HRP) was encapsulated into four 
bilayer PSS (poly-styrenesulfonate)/ PAH (poly-allylamine hydrochloride) capsules with an 
average diameter of 5 pm using pH-driven pore opening. The polymerization of 4-(2- 
Aminoethyl) phenol hydrochloride (tyramine) catalyzed by HRP produces easily detectable 
fluorescent polymeric products after the addition of hydrogen peroxide to the system. It is known 
that proteolytic enzymes that effect hydrolysis can be used for peptide synthesis by manipulating 
physicochemical conditions such as pH, enzyme concentration, oxygen tension, and temperature. 
Papain (an endolytic cysteine protease, isolated from papaya latex) was encapsulated into four 
bilayer Tannic acid/ Chitosan capsules with an average diameter of 6  pm. Papain catalyzed 
polymerization of phenylalanine to its corresponding polymeric form was achieved by heating a 
mixture of capsules with encapsulated papain within and monomer at 40°C for several hours.The 
filling of the capsules with polymer was confirmed by AFM (Atomic Force Microscopy), QCM 
(Quartz Crystal Microbalance), FS (Fluorescence Spectrometry), and CLSM (Confocal Laser 
Scanning Microscopy). This approach offers a novel biosynthetic pathway for polypeptide 
synthesis within micron-sized “reactors”, which can have many applications within the field of 
biotechnology.
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CHAPTER 1
INTRODUCTION
1.1 Multilayered Polyelectrolyte Microcapsules (PEM)s
The past decade has witnessed significant progress in the field o f nanostructured material 
formation. Fabrication o f multilayered materials with unique properties is possible via 
self-assembly of polymers involving electrostatic interactions. Hong and Decher 
demonstrated that alternating exposure o f a charged substrate to solutions o f positive or 
negative polyelectrolytes respectively, results in a layered complex stabilized by strong 
electrostatic forces [1], These self-assembled polyelectrolyte multilayers (PEMs) have 
proven to be versatile materials, which allow the incorporation of different charged 
compounds or nano-objects. Inorganic nanoparticles, functional polymers, proteins, 
orientable chromophores, biopolymers such as DNA, or mesogenic units inducing local 
order, which have been used as building blocks, are described in previous reviews [2-5].
The versatility o f the multilayer formation process with respect to the variety of 
materials that can be used as building blocks and the possibility o f combination with 
other assembly procedures, offers a high application potential in a broad range of 
different areas o f materials development. Applications of planar layers include use o f
1
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matrix materials for biological sensor applications, separation membranes, and for 
tailored surface-modification. One o f the most effective applications has been the coating 
o f colloidal particles employing the technique o f Layer-by-Layer (LbL) assembly [6 ]. 
Subsequent removal o f the core leads to the formation o f very stable, hollow polymeric 
shell structures [7]. Such hollow, thin-walled microcapsules have attracted particular 
interest as drug carrier systems and as “micro-reactors”. PEMs are furthermore of 
fundamental physical interest because of their ability to form stratified layers in two 
dimensions, which also can be grown step-by-step into the third dimension. This 
behavior, controlled by internal interfaces, differs largely from the corresponding volume 
material properties. The amorphous nature o f PEMs in disordered systems not only 
determines their properties but also makes them less sensitive to the parameters o f the 
preparation process. Theories describing PEMs today range from phenomenological 
descriptions o f layer structure and segment distribution to mean field and scaling 
approaches. The structural aspects o f PEMs, e.g. the dependence o f layer thickness on 
preparation conditions, or the internal interdigitation o f adjacent layers is well 
understood. Currently studied questions involve the presence o f small ions in PEMs, local 
dissociation of weak polyelectroytes in layers, and swelling behavior, i.e., the amount o f 
water and the local hydration. O f particular interest are permeabilities o f hollow capsules 
with respect to small ions, solvents, or macromolecules [8 ].
Supramolecular multicomponent nanostructures, such as ultrathin polymer films, 
surface-modified liposomes, and organic-inorganic composite nanosized materials, have 
recently gained interest in various fields o f applied physical chemistry. A wide range o f 
synthetic polyelectrolytes, biopolymers, lipids, and inorganic particles have been
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3successfully employed to fabricate multilayer films onto flat substrates by taking 
advantage o f the electrostatic interaction between oppositely charged species during their 
stepwise adsorption from an aqueous solution [2, 9-11]. Recently, this technology has 
been applied to multilayer assembly on the surface of colloidal particles [12, 13]. Hollow 
polyelectrolyte micro and nanocapsules can be fabricated by dissolving the original 
templating core [13]. The encapsulation o f materials within the small capsule volumes 
with controlled thickness, composition, and permeability of the encapsulating wall opens 
novel opportunities for use o f these structures as “micro-reactors”, micro-carriers, and 
vehicles for sustained drug release formulations. According to the basic concept o f the 
driving force o f macro-ion multilayer assembly, the electrophoretic potential (£, potential) 
of colloidal particles alternates between positive and negative values at each step of the 
polyelectrolyte adsorption. The film thickness grows linearly with the number o f layers 
with the thickness increase being approximately 2  nm/layer o f adsorbed polyelectrolyte 
[14].
Permeability o f the capsule wall, particularly for selectivity towards water-soluble 
components, could create a difference in the chemical composition between the bulk 
solution and the capsule interior. Mohwlad and coworkers have developed a model to 
study and to employ the selective permeability properties o f the capsule walls to create a 
Donnan equilibrium situation [15]. If an electrolyte species is excluded from the 
encapsulated interior, the permeating counterions should be distributed on both sides o f 
the shell wall according to the Donnan equilibrium. Their concentration would then be 
different on both sides o f the capsule wall. In the case o f protons, this condition would 
correspond to a pH difference. Furthermore, the presence o f a non-permeating electrolyte
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
species in the solution on one side of the capsule wall can induce an osmotic pressure 
difference across the wall. This osmotic pressure difference can lead to volume changes 
o f the hollow polyelectrolyte capsules and can affect the mechanical properties o f the 
shell wall.
1.2 Enzyme Multilayers on PEMs and Enzyme Encapsulation
Protein films are routinely employed in bioseparations, immunoassays, 
diagnostics, localization, and catalysis [16, 17]. Proteins have traditionally been 
immobilized onto solid surfaces by a variety o f techniques, including physical adsorption, 
solvent casting, covalent binding, and electro-polymerization [16] However, these 
methods often produce irregular films with a low density o f protein. Ordered protein 
multilayer films with a high protein density have been constructed by using Langmuir- 
Blodgett deposition methods [16, 18] or by exploiting biospecific interactions [19, 20]. 
Denaturation of the immobilized proteins and the highly specific nature o f the assembly 
process has limited the wide applicability o f these methods. The process o f alternating 
adsorption of charged macromolecules (LbL technique) offers controlled and highly 
ordered molecular assemblies according to a specifically designed architecture [21]. The 
strategy entails the stepwise adsorption o f charged species onto a charged substrate, using 
primarily electrostatic interactions for multilayer film growth. Charge overcompensation 
occurs with deposition o f each layer, thereby facilitating adsorption of the next layer. 
Multilayer films o f a wide array of water-soluble proteins, alternately assembled with 
oppositely charged polyelectrolytes were constructed, and their successful application in 
catalysis [22-24] and immuno-sensing [25] was demonstrated.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5Recently, a multi-filtration procedure for separation o f polyelectrolyte-modified 
particles from unreacted polyions was introduced [26]. This procedure allows production 
o f larger amounts o f particles coated with polyelectrolytes as compared with an earlier 
procedure based on separation o f colloids and polyions by centrifugation [27]. After the 
particles are coated with the desired number o f polyelectrolyte layers, the core particles 
are dissolved to obtain empty capsules with a layer thickness tuned over a range of 5 to 
50 nm and with the desired composition [26]. Shell composition and number o f layers 
[28, 29] can vary the permeability properties o f polyion capsules. It has been shown that 
the wall permeability for molecules o f dextran and albumin depends upon pH. At low pH, 
the capsule walls were open, and at pH higher than 8  they were closed. By varying the 
pH in the capsule suspension in the presence of the macromolecules, the encapsulation 
was performed [30]. An operation with opening/closing capsule walls composed of 
polyion multilayers is based on Rubner’s recent finding that varying solution pH can 
induce charge imbalance in polycation-polyanion complexation in the multilayer, 
resulting in opening o f ca. 100-nm pores [31]. Formation of unique and complex colloids 
with tailored enzymatic activity was achieved through the assembly o f polyion capsules 
loaded with urease [32]. In traditional bioreactors, urease was immobilized by covalent 
bonding or with acrylamide gel on different substrates such as glass beads, glass wool, 
nylon netting or nitrocellulose. Nanocomposites containing urease multilayers on 470-nm 
latex cores were recently prepared [33]. Encapsulation of urease in micro-shells was 
achieved through layer-by-layer assembly o f linear polycations and polyanions on 5 pm 
melamine formaldehyde (MF) cores. Sodium poly(styrenesulfonate) (PSS) and poly 
(allylamine) hydrochloride (PAH) were employed as polyelectrolytes for micro-shell
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
6fabrication. After depositing the required number o f layers o f polyelectrolytes, the MF 
cores were dissolved by changing the pH to 1.1, thereby yielding hollow shells [32].
1.3 Enzymatic Catalysis
Most enzymes operate at room temperature, under neutral aqueous conditions, 
and in the absence o f substrate functional-group protection. In organic syntheses, these 
biocatalysts can be used as the sole catalyst in a reaction, in combination with other 
enzymes, or with non-biological reagents. The chiral nature o f enzymes results in the 
formation o f stereo- and region-chemically defined reaction products with significant rate 
acceleration (typically 105 to 108) [34]. In addition, many enzymes accept inorganic 
substrates, and genetic engineering can further alter their stability, broaden their substrate 
specificity, and increase their specific activity. Molecules with several functional groups 
pose particular challenges to non-biological synthetic methods but are natural targets for 
biological techniques. For example, large DNA and RNA molecules can be efficiently 
synthesized and manipulated by enzymatic processes, whereas equivalent chemical 
alternatives do not exist. Using biocatalysts, otherwise impractical synthetic 
manipulations o f complex molecules, such as carbohydrates, can be performed in an 
environmentally benign manner. Both natural and engineered enzymes can now be 
produced on a large scale in convenient host organisms using recombinant DNA 
technologies. The application o f enzymes in synthesis thus represents a remarkable 
opportunity for the development o f industrial chemical and pharmaceutical processes [35- 
37],
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
7Recent developments in the rapidly growing field of enzymatic catalysis focus on 
the use o f free enzymes (extracellular) in preparative asymmetric transformations. In 
many cases, free enzymes offer advantages over whole-cell processes, which may be 
more difficult to predict, control and manipulate. Over 3,000 enzymes have so far been 
identified, and this number may be greatly augmented in the wake of genomic and 
proteomic research. The enzymes that have been exploited for organic synthesis, as well 
as the type o f reaction catalyzed, are summarized in Table 1. In general, several 
parameters affect the practicality o f an enzymatic reaction.
Table 1.1: Enzymes commonly used for organic syntheses
Enzymes Reactions
Esterase, lipases Ester hydrolysis, formation
Amidases (proteases, acylases) Amide hydrolysis, formation
Dehydrogenases Oxidoreduction of alcohols and ketones
Oxidases (mono- and dioxygenases) Oxidation
Peroxidases Oxidation, epoxidation, halohydration
Kinases Phosphorylation (ATP-dependent)
Aldolases, transketolases Aldol reaction (C-C bond)
Glycosidases, glycosyltransferases Glycosidic bond formation
Phosphorylases, phosphatases Formation and hydrolysis of phosphate
Sulphotransferases Formation of sulphate esters
Transaminases Amino acid synthesis (C-N bond)
Hydrolases Hydrolysis
Isomerases, lyases, hydratases Isomerization, addition, elimination, replacement
The degree o f inhibition by substrate or product (determined by their affinity to 
the enzyme) may be particularly important in the outcome of a reaction. In an ideal 
scenario, the enzyme used would have high specific activity and stability, and would be 
subject to minimal substrate and product inhibition. Furthermore, the extent o f substrate 
specificity can determine whether a given enzyme will have general synthetic utility, with 
stereo-specificity being perhaps the most important parameter under consideration. 
Although enzymes with narrow substrate specificity are often efficient in catalyzing 
reactions using their natural substrate, this property becomes a limitation when the
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
development o f catalysts for general purposes is the goal. Biocatalysts that accept a wide 
range o f substrates to form enantiopure products are o f particular interest to the synthetic 
chemist. Many enzymes have now proved synthetically useful and have become 
commercially available; however, one still cannot use enzymes for the formation of every 
desired linkage or resolution o f any racemic mixture. Moreover, although many enzymes 
have been highly characterized with regard to substrate specificity and stereo-selectivity, 
they may be unpredictable with unnatural substrates [38],
1.4 Chemical Reactions Within PEMs
The ability to incorporate macromolecular materials within PEMs allows the use 
o f these tiny containers as “micro-reactors”. They are particularly useful for fabrication 
o f enzyme “micro-reactors”, when substrates and reaction products diffuse freely through 
the microcapsules’ walls without releasing the encapsulated enzyme. The presence of 
polymer molecules on only one side o f the semi-permeable polyelectrolyte walls may 
have significant influence on reaction parameters such as pH. A pH gradient can be 
established across the PEM wall in different ways, depending on polybase or polyacid 
being inside or outside the PEMs. Physiochemical changes, such as variations is pH, have 
been shown to affect permeability o f the PEM walls to macromolecules. The pH inside 
PEMs can be modulated independent o f the pH o f the bulk solution [15]. Semi-permeable 
hollow nano and micro-spheres have been employed as templates for preparation o f well- 
defined particles o f various organic and inorganic materials. Calcium carbonate (CaCC>3) 
was precipitated within PEMs in presence of dextran sulfate [39]. Dextran sulfate was 
used to reduce super saturation and prevent bulk precipitation o f CaCC^. The properties
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
9of the capsule interior could be changed by filling them with low molecular weight 
compounds and subsequent precipitation, [40] micelle formation, or solvent exchange 
[41] but these processes are reversible and depend on the exterior environment. For 
applications as “nanoreactors”, a permanent adjustment o f the physicochemical properties 
of the interior is desirable. This result could be achieved by inclusion of macromolecules 
because the capsule wall is impermeable for polymers whereas monomers penetrate the 
wall easily. A general procedure for loading the capsules by a “ship in a bottle” synthesis 
was demonstrated [42]. Different polymers and functionalized copolymers have been 
synthesized inside the capsules from water-soluble anionic, cationic, and neutral 
monomers.
1.5 Enzyme Catalyzed Polymerization Within PEMs
The present work describes bio-chemical synthesis o f novel polymers via 
enzymatic catalysis within PEMS (Figure 1.1), fabricated by LbL electrostatic self- 
assembly. Two enzymes namely horseradish peroxidase and papain (derived from Carica 
Papaya latex), were employed as the catalytic bio-agents. Two types o f template cores 
namely, MF and manganese carbonate (MnCCri), were employed for fabrication of 
hollow shells. The polyelectrolytes used were sodium poly (styrene sulfonate) (PSS), 
poly(allyl-amine hydrochloride) (PAH), tannic acid, and chitosan. Enzymatic catalysis, as 
discussed above, is widely applied in industrial settings as a substitute for organic 
synthesis [34-38]. Moreover, enzymes offer specificity to substrates making them 
excellent candidates for dedicated synthesis o f products without the generation o f 
unwanted by-products. In the present report, we demonstrate the ability to encapsulate
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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enzyme molecules and use their catalytic properties to polymerize specific substrates to 
form novel polymers within microcapsules. We believe this approach is unique and opens 
up many possibilities for synthesizing biochemical products within PEMs. Thus, PEMs 
can act not only as versatile and robust “reactors” that can be employed for 
characterization of uniform and monodispersed biopolymer particles with unique 
properties, but also as containers which can be modulated to effect sustained release of 
as-synthesized biomaterials to the environment.
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Figure 1.1: Schematic representation of the capsule formation via LbL assembly, 
encapsulation of HRP and Papain within the capsules and polymer formation in
situ.
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1.6 Chapter Outlines
Following the introduction, Chapter 2 will discuss basics o f enzymatic catalysis 
with the focus being on peroxidase and protease catalyzed polymerization reactions and 
their advantages. Chapter 3 will outline the materials employed in experimentation in the 
present study and the methodologies on which experimentation was based. Chapter 4 will 
briefly discuss the different instruments used for characterization and their respective 
working-principle. Chapter 5 is a detailed discussion of the results obtained from 
experimentation, which include polymerization catalyzed by horseradish peroxidase and 
polypeptide synthesis catalyzed by papain. Chapter 6  concludes the report with 
recommendations for future work that can be continued based on the present results. 
Chapter 6  is followed by a complete list o f references consulted for writing this report.
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CHAPTER 2 
ENZYME-CATALYZED SYNTHESIS
2.1 Historical Perspective on Enzymatic Catalysis
Much has been written about the historical exploration o f enzymatic catalysis. 
Among the first hypotheses offered is the "lock and key" model [43], which proposed 
that the binding of a substrate molecule to the active site on the enzyme results in 
activation o f the substrate (reactive conformation). A modified version proposed that the 
“key does not quite fit the lock perfectly but exercises a certain strain on it" (ground-state 
destabilization) [44], With the advent o f transition-state theory, the hypothesis o f 
enzyme-transition-state complementarity [45], which discovered a preferential binding o f 
the transition state rather than the substrate or product as the source o f catalysis, gained 
prominence. The comparison between enzyme-catalyzed and noncatalytic rates has 
provided an estimate o f the degree o f stabilization o f the enzymatic transition-state. 
Careful measurements o f the rates for spontaneous hydrolysis o f ionized phosphate 
monoesters and diesters relative to Escherichia coli alkaline phosphatase [46] or 
staphylococcal nuclease acting on the same substrate reveals that these enzymes enhance 
the rate o f the hydrolysis reaction.
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It has been proposed that catalysis, which takes advantage of thermodynamic state 
function descriptors o f the free energy of activation [47] for the substrate and transition 
states, the catalytic power o f enzymes will always be evident as a result o f increased 
transition-state stabilization (lower free energy) for processes relative to the reference 
reaction. There has been an increased scrutiny o f how the binding interactions arising 
from favorable and unfavorable non-covalent bonding between the reactants and residues 
within the active site are translated into catalysis [48, 49]. Parallel with the ability to see 
the x-ray crystallographic structures o f enzymes was the advent o f numerous physical 
organic studies on various model systems that mimicked active-site features [50], The 
details o f general acid-base and nucleophilic catalysis for acyl-transfer reactions and 
glycoside and acetal hydrolysis highlighted the possibility o f stepwise or concerted 
proton transfers to and from meta-stable intermediates or transition states with chemical 
entities such as amines, imidazoles, and carboxylates, which function in the active site. 
These studies [51, 52] provided fresh insight into the chemical identity o f species along 
the reaction coordinate that links ground and transition states. Similarly, physical organic 
experiments in which a given chemical reaction was performed in various solvents, 
generally ranging from aprotic to protic, showed that the effect o f the solvent is to retard 
the rate relative to what would be observed for this reaction under the same conditions in 
the gas phase. Alternatively, the effect may be described as solvent substitution, with the 
active-site residues furnishing a polar framework to replace the solvating water molecules
[53].
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2.2 Enzyme Catalyzed Polymerization
Enzyme-catalyzed polymerization, in particular, has been receiving attention from 
the viewpoint of environmental issues because reaction proceeds under mild conditions
[54], In this environmental-benign polymerization, several enzymes, such as oxydo- 
reductase (lipase, horseradish peroxidase and so on.), catalyze the polymer synthesis 
reaction. All the naturally occurring polymers are produced in vivo by enzymatic 
catalysis. Polymerizations of substituted phenols [54-59], lacton [60-61], aromatic amines 
[62] have been investigated using various enzymes as a new route for polymer synthesis. 
Reports dealing with the in vitro synthesis not only of biopolymers but also o f non­
natural synthetic polymers through enzymatic catalysis have been published [63-72], 
These enzyme-catalyzed polymerizations are gaining importance to satisfy the increasing 
demands in the production o f various functional polymers in material science. Main 
target macromolecules for the enzymatic polymerization are polysaccharides, polyesters, 
poly(amino) acids, and polyaromatics. The first three classes o f polymers can be 
synthesized using hydrolases as the catalyst. Hydrolases are enzymes which catalyze the 
hydrolysis o f polysaccharides, fats (triglycerides), or peptides. However, by selecting the 
reaction conditions, they can also act as catalysts o f the reverse reaction, leading to 
polymer formation. Polyaromatics, polyphenols, and polyanilines are synthesized by an 
enzymatic oxidative coupling. Phenol-formaldehyde resins using pre-polymers such as 
novolaks and resols are widely used in industrial fields [73], These resins show excellent 
toughness and temperature-resistant properties, but the general concern over the toxicity 
o f formaldehyde has resulted in limitations on their preparation and use. Therefore, an 
alternative process for the synthesis o f phenolic polymers avoiding the use of
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formaldehyde is strongly desired. Mimicking nature, the enzymatic synthesis of 
polyphenols has been extensively investigated in the last decades [74-77], where various 
oxido-reductases play an important role in maintaining the metabolism of living systems.
2.3 Peroxidase Catalyzed Polymerization
So far, several enzymes of this class (peroxidase, laccase, bilirubin oxidase, etc.) 
have been reported to catalyze the oxidative polymerization o f phenol derivatives, and 
among them, peroxidases are the biocatalysts most often used. Peroxidases are enzymes 
that catalyze the oxidation o f a suitable donor by action of hydrogen peroxide, liberating 
two water molecules. Horseradish peroxidase (HRP) is a single-chain 6 -type hemoprotein 
that catalyzes the decomposition o f hydrogen peroxide at the expense o f aromatic proton 
donors. HRP has a Fe-containing porphyrin-type structure and is well known to catalyze 
coupling o f a number o f phenol and aniline derivatives using hydrogen peroxide as 
oxidant. Peroxidase-catalyzed oxidative coupling o f phenols proceeds fast in aqueous 
solutions, giving rise to the formation of oligomeric compounds. However, the resulting 
oligomers have not been well characterized because most o f them show low solubility 
towards common organic solvents and water. In 1987, enzymatic synthesis o f a new class 
o f polyphenols was first reported. An oxidative polymerization o f p-phenylphenol using 
HRP as catalyst wafc carried out in a mixture o f water and water-miscible solvents such as 
1, 4- dioxane, acetone, N, A^-dimethylformamide (DMF), and methyl formate [78]. The 
polymerization proceeded at room temperature. During this process, powdery polymers 
were precipitated. The reaction medium composition greatly affected the molecular
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weight, and the polymer with the highest molecular weight (2.6xl04 Da) was obtained in 
85 % v/v 1,4-dioxane.
Phenol, the simplest and industrially most important phenolic compound, is a 
multifunctional monomer when considered to be used as a substrate for oxidative 
polymerizations, and hence conventional polymerization catalysts afford insoluble 
macromolecular products with non-controlled structures [79], Phenol was subjected to 
the oxidative polymerization using HRP or soybean peroxidase (SBP) as a catalyst in an 
aqueous dioxane mixture, yielding a polyphenol consisting of phenylene and oxy- 
phenylene units (Figure 1). The resulting polymer showed low solubility; it was partly 
soluble in DMF and dimethyl sulfoxide (DMSO), and insoluble in other common organic 
solvents [80, 81].
Figure 2.1: Oxidative polymerization of phenol catalyzed by HRP in aqueous 
dioxane mixture yielding phenylene and oxy-phenylene units
Combination o f enzyme-catalyzed syntheses with the engineering o f micro- and 
nanoparticles and shells to add new properties is o f special interest because o f its bio- and 
environmental compatibility and efficiency [82-88]. Application o f LbL assembly to tiny 
soluble cores allows the formation o f microcapsules [89]. Encapsulation o f proteins 
within polyelectrolyte multilayers or inside hollow polyelectrolyte capsules has been 
recently demonstrated [89-93], A number o f proteins have been encapsulated in such
Peroxidase
JM r
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micro-shells, and their retained activity has been proven [91-94], Possible applications of 
these microcapsule reactors for organic or inorganic synthesis in a confined volume are 
now being investigated [95], Controllable polymer synthesis on the surfaces o f such 
micro-capsules has been demonstrated by combining two approaches: first, LbL 
assembly o f linear polyelectrolytes and enzymes to produce microcapsules with nano­
organized walls and second, producing a phenol polymer coating on the surface o f such 
microcapsules. Peroxidase-catalyzed polymerization o f phenols and anilines has proven 
to be an efficient tool for the production o f a polymer, with specially designed properties, 
inside o f the polyion microcapsules and onto their outermost surface [96], Horseradish 
peroxidase is an enzyme commonly used in immuno- and protein activity assays [97], 
Among the substrates for peroxidase, several water-soluble phenols produce polymeric 
fluorescent products [98-100], The monomers can be modified by introducing different 
side groups for specific applications including selective binding o f organic ligands and 
drugs [84-85], The catalytic cycle for horseradish peroxidase is well studied. The enzyme 
passes through three oxidation states following its reaction with hydrogen peroxide and 
subsequent reaction with an aromatic substrate [99-102], Products o f this cycle are water 
and highly reactive free radicals. These radicals then undergo coupling to produce 
dimers. Successive oxidation, coupling and a transfer reaction eventually result in the 
formation of the polymer. The generation o f radicals in this cycle is enzyme dependent. 
However, radical-radical coupling and transfer are controlled exclusively by phenoxyl 
radicals and solvent chemistry [101-102], Tyrosine moieties in peroxidase seem to be the 
binding sites for forming polymeric chains.
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2.4 Protease Catalyzed Polymerization
Despite the fact that well-established approaches to synthetic peptide chemistry 
have been successful in making peptides and small proteins o f biological and 
pharmaceutical interest, synthetic methodology continues to develop innovative strategies 
based on suitable peptide ligases. A universally applicable peptide ligase, which 
principally would display high catalytic efficiency for all possible combinations o f amino 
acids to be coupled, would justify full use o f enzymatic alternatives [103]. The ideal tool 
would be a nonspecific peptide ligase, as represented by the ribosomal peptidyl 
transferase. Unfortunately, the latter is a ribozyme [104], unsuitable for simple practical 
use as a catalyst outside the ribosome. Bergmann and Fraenkel-Conrat [105] confirmed 
Van’t H o ffs  prediction in 1898 that the reverse potential of proteases could be used as 
catalysts for peptide bond formation by characterizing simple model reactions. Because 
o f their stereo-selectivity and mild reaction conditions, proteases (in particular serine and 
cysteine proteases) have been used over the last decades to complement chemical 
coupling methods and allow even small proteins to be synthesized by block-wise 
enzymatic coupling o f synthetic fragments [106-110]. Currently, important large-scale 
industrial processes involving the enzymatic approach are the production o f aspartame 
and human insulin.
Biodegradable polymeric materials are becoming increasingly important from the 
viewpoint o f waste-disposal problems associated with petroleum-based plastics [1 1 1 ]. 
Poly(amino acid)s are biodegradable and can be employed for medical, cosmetic, and 
fabric materials [112]. Poly (a-amino acid)s with high molecular weight are readily
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synthesized by ring-opening polymerization o f a - amino acid N-carboxylic anhydrides 
(NCAs). However, toxic phosgene derivatives are employed for monomer synthesis 
[113]. It is generally accepted that an enzymatic reaction is virtually reversible, and 
hence, the equilibrium can be controlled by appropriately selecting the reaction 
conditions. Based on this view, many o f the hydrolases, which are enzymes that catalyze 
bond-cleavage by hydrolysis, have been employed as catalysts for the reverse reaction of 
bond-formation [114].
Enzymatic peptide synthesis, that is catalyzed by aspartyl proteinases is controlled 
by multiple factors, among which enzyme specificity plays a prominent role. Thus pepsin 
(115, 116) and its homologue, chymosin (117), preferentially catalyze the formation of 
the peptide bonds between two hydrophobic amino acid residues which agrees fairly well 
with the data on the specificity o f these enzymes, as revealed by hydrolysis o f protein 
substrates (118,119). Occasionally, however, the bonds not corresponding to the 
commonly accepted enzyme preferences, e.g. phenyalanine-arginine (116), were also 
formed efficiently in the presence o f pepsin or chymosin. This phenomenon indicates that 
the reaction rate, a parameter primarily taken into consideration when the enzyme 
specificity is to be defined appears to be less important than other limiting factors, e.g. 
the equilibrium position or the enzyme inhibition by the reactants. A large excess o f the 
enzyme introduced into the reaction mixture and the duration o f the synthesis process 
often allow the negative impact o f imperfect substrate binding to be surpassed. Since 
such an effective broadening of the enzyme specificity markedly enhances its application 
range, porcine pepsin was tested as a method to overcome the specificity limitations. The 
capacity o f pepsin to catalyze the formation o f the peptide bonds was tested. Among the
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bonds, were those formed by hydrophilic amino acid residue, non-protein amino acids 
and amino acid derivatives substituted in their side chains. For comparison purposes, 
several peptides were prepared that contain tyrosine, tryptophan and other amino acids, 
which comply with pepsin subsite-specificity requirements [1 2 0 ].
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials
Poly (sodium 4-styrene sulfonate) (PSS, MW 70 000) and poly(allylamine 
hydrochloride) (PAH, MW 70,000) were purchased from Aldrich. Peroxidase from 
Horseradish (HRP, 250-330 units/mg solid), fluorescein isothiocyanate (FITC) and FITC 
labeled peroxidase (HRP-FITC, 200 units/mg solid), hydrogen peroxide (H2O2 , 35 wt %), 
hydrochloric acid (HC1, 36 wt %), 4-(2-aminoethyl) phenol hydrochloride (tyramine) 
were obtained from Sigma. Monodisperse particles (diameter ~ 5.06 ± 0.16 pm) of 
weakly polymerized melamine formaldehyde (MF) were obtained as a 10 % solution in 
DI water from Microparticle GmbH, Germany. (PAH, MW 50,000), MnSC>4 , NH4HCO3 
and NaCl were obtained from Aldrich. Papain (from Carica Papaya latex), 
phenylalanine, and glutamic acid were obtained as a gift from Polytechnic University, 
NY, courtesy Dr. Richard Gross, and were used as received. Tannic acid (TA, 90 % 
penta-m-digalloyl glucose, Sigma-Aldrich), chitosan (CHW, medium viscosity, Wako) 
were used as received. Structural formulae for PSS, PAH, phenylalanine, glutamic acid, 
tannic acid, and chitosan are shown in Figures 3.1, 3.2, 3.3, 3.4, 3.5, and 3.6 respectively.
20
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Figure 3.1: Structural formula for PSS
NH
cr
Figure 3.2: Structural formula for PAH
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Figure 3.4: Structural formula for Glutamic acid
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Tannic Acid
Figure 3.5: Structural formula for Tannic acid
HOCH
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Figure 3.6: Structural formula for Chitosan
3.2 MnCCh Template Particle Formation
The manganese carbonate template was prepared by a simple mixing method
described in reference [121]: Acidic manganese sulfate solution (9 x 10' 3 M, pH = 4.2
adjusted with sulfuric acid) was added in a one-to-one volume ratio to 2.25 x 110‘" M
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NH4HCO3 . The stirred mixture was then aged at 50°C for 16 h. The resulting MnCC>3 
particles had a round shape with a diameter o f 4-6 pm.
3.3 Preparation of (PSS/PAHL Microcapsules
Deposition o f polyelectrolyte multilayers on MF cores was accomplished using 
the procedure reported elsewhere [122], Typically, PAH and PSS solutions (0.2 mL of 3 
mg/mL in 0.5 M NaCl) were alternately added to 1.5 mL of core suspension. This 
addition resulted in dilution of suspension of MF particles to 1% at pH 6.5. Each 
polyelectrolyte layer was adsorbed for 15 min, and then three intermediate washings with 
deionized (DI) water were made, before the addition of the next layer to remove 
polyelectrolytes remaining in supernatant solution. The assembly o f the layers on MF 
cores was confirmed by monitoring alternating changes o f electrophoretic potential (£ 
potential) after deposition o f every layer using a Brookhaven Instruments Corp. zeta 
potential analyzer. For the measurement, 20 pL o f the sample was diluted to 1.5 mL with 
DI water. After deposition o f eight alternate polyelectrolyte layers, the MF cores were 
dissolved by treatment with HC1 (pH < 1.0). The capsules obtained were washed with DI 
water until the capsule suspension was stabilized at pH 5.5. For negatively charged 
MnCC>3 template particles the layer-by-layer assembly procedure was the same except 
starting from the first PAH layer. In all cases, the polyelectrolyte concentration was much 
larger than would be required for saturation coverage o f the particles. After deposition of 
four bilayers o f (PSS /PAH) 4 , the template core was dissolved by treatment with 0.1 M 
EDTA solution for 3-4 hours. Hollow polyelectrolyte capsules were obtained.
3.4 Encapsulation of HRP in Microcapsules
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 5
A (PSS/PAH ) 4  capsules suspension, volume 200 pL, was mixed with 200 pL of 
HRP solution (3 mg/mL, pH 4.0), and the mixture was kept at room temperature for 24 h. 
Horseradish peroxidase is stable under these conditions [123, 124], As the next step, the 
pH of the mixture was adjusted to 8.5, and after 1 h, three washing-centrifugation cycles 
were carried out to remove the residual peroxidase that was not encapsulated. Confocal 
microscopy (a Leica DMRE2, Germany) was used to verify encapsulation of FITC- 
labeled peroxidase.
3.5 Polymerization Catalyzed by HRP
Equal volumes (200 mL) o f the suspension of capsules with HRP encapsulated 
within and tyramine (4-60 mg/mL) solutions were mixed at pH 8.5. After 1 h, the 
polymerization was started by the addition o f hydrogen peroxide to a final concentration 
o f 0.2 M. The reaction mixture was kept for 24 h at 25°C. Traces o f monomer and 
polymeric chains with relatively low molecular weight were then removed by washing 
with DI water. The masses o f hollow capsules with peroxidase and polymer synthesized 
within were estimated according to the procedure reported [125-128]. The mass o f dry 
capsules suspended in a predetermined volume o f DI water, was determined by QCM 
weighing, and an amount o f them in 1 mL was calculated from confocal laser scanning 
microscopy images using the transmission mode. A sample o f free polymer in solution 
was prepared by mixing 400 pL o f tyramine (3 mg/mL), 100 pL of HRP (3 mg/ mL), and 
10 pL o f hydrogen peroxide (35 wt %) at pH 8.5 in order to compare the properties o f 
polymer formed within microcapsules and that in free solution.
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3.6 Preparation of [Tannic acid (TAV 
Chitosan (CHW)l a.s Hollow Capsules
Four and five bilayer (TA/CHW) 4 .5  capsules were deposited on MnCCL cores 
with a diameter o f 4.0 pm ± 0.2 pm prepared according to the procedure reported [122], 
Typically, 0.4 mL of 1 mg/mL TA or chitosan solution (pH 5.0) was added alternatively 
to 2 mL of the suspension containing 10 mg of the cores. After allowing 15 min for 
deposition of each layer, the particles were washed with DI water three times using 
centrifugation protocol. The assembly was monitored with t, potential measurements 
using a Brookhaven Zeta Plus micro-electrophoretic instrument. For dissolution of 
MnCCh cores, the resulting particles were re-suspended in 2 mL of a 0.1 M EDTA 
solution at pH 5.0. After 4 days at room temperature, the supernatant was replaced with a 
new portion o f EDTA solution for an additional 12 hours. Finally, the capsules were 
rinsed tree times with DI water. Atomic Force Microscopy (AFM) images o f dried 
capsules on mica were taken on a Q-Scope™ 250 Quesant instrument in intermittent- 
contact mode. Confocal Laser Scanning Microscopy was used to analyze the structure of 
the obtained microcapsules.
3.7 LbL Self Assembly of Papain on 
OCM Resonator and MnCCH Cores
The LbL assembly by alternate adsorption o f polyions and papain was carried out 
by immersion of QCM resonators in appropriate solutions for 20 min. Three intermediate 
washings were performed after each layer by gentle agitation in water followed by drying
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in a nitrogen stream. At the first step of the assembly, a positively charged surface was 
formed by adsorption o f cationic PAH. A USI System, Japan, QCM instrument was used 
to monitor the assembly. Only silver electrode QCM resonators were used in the study. 
The precursor of (PSS/PAH)w (n = 3, 4) was deposited on each resonator followed by 
deposition o f 5 bilayers o f (PSS/Papain). From the corresponding QCM frequency shift, 
thicknesses of individual layers were estimated using the formula [129]
AD = -0.016*AF (Hz).
For assembly of papain on MnC0 3  cores, PAH and PSS solutions (0.2 mL of 3 
mg/mL in 0.5 M NaCl) were alternately added to 1.5 mL diluted to 1% suspension of 
MnCC>3 cores at a pH 6.5. Each polyelectrolyte layer was adsorbed for 15 min, followed 
by three intermediate washings with deionized (DI) water, before addition o f the next 
layer, to remove any polyelectrolytes remaining in the supernatant solution. The 
assembly o f the layers on MnCC>3 cores was confirmed by monitoring alternate changes 
o f £, potential using a Brookhaven Instruments Corp. zeta potential analyzer. The 
assembly sequence followed was [(PSS/PAHV (PSS/Papain)^]. Papain was always 
assembled as the outermost layer.
3.8 Polymerization Catalyzed by Papain on MnCCL Cores
Equal volumes (200 pL) o f the suspension o f MnCC>3 cores with [(PSS/PAH^/ 
(PSS/Papain)^] and phenylalanine (120 mg/mL) solutions were mixed at pH 8.5. The 
reaction mixture was kept in a water bath at 40°C with constant stirring for 5-6 hours. 
Traces o f monomer and polymeric chains with relatively low molecular weight were the 
removed by washing with DI water. Confocal Laser Scanning Microscopy was used to
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analyze the structure o f the MnC0 3  cores with [(PSS/PAHV (PSS/Papain)^] after 
polymerization. As a control, MnCC>3 cores with [(PSS/PAH^/ (PSS/Papain)^] were 
heated without addition of phenylalanine (monomer) at 40°C with constant stirring for 5- 
6  hours.
3.9 Encapsulation of Papain in (TA/CHWh Microcapsules
(TA/CHW ) 4 _5 capsules in suspension (pH 5.0), volume 300 pL, was mixed with 
300 pL of Rhodamine-labeled Papain solution (3 mg/mL, pH 5.0), and the mixture was 
kept at room temperature for 24 h. Papain is stable under these conditions [130]. As the 
next step, the pH o f the mixture was adjusted to 8.5, and after 2 h, three washing- 
centrifugation cycles were carried out to remove the residual papain that was not 
encapsulated. Confocal microscopy was used to verify encapsulation o f Rhodamine- 
labeled papain.
3.10 Characterization of Capsules
The size, integrity, and loading amount o f the enzyme and polymer into a capsule 
was characterized using a confocal microscope. The loading was estimated as ((Fm\n - 
Fo)/(Fmax - To)) x 100%, where Fmax, Fmm, and To are the intensities o f the signal from the 
walls and interior o f the capsule and from outside the capsule obtained from a profile of 
fluorescence along the capsule cross section. Fluorescently labeled peroxidase (HRP- 
FITC) and (FITC-Papain) was used to visualize the distribution o f the encapsulated 
protein. For visualization o f morphology and distribution o f polymer within a capsule
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FITC was added to the capsule suspension. When non-labeled peroxidase (HRP) was 
used, the polymer o f tyramine that is formed in situ, is the only product which exhibits 
fluorescence. The emission and excitation characteristics o f the polymer formed in 
solution and inside the capsules were studied using a fluorescence spectrometer (Photon 
Technology International Inc.). Although the intensity o f polymer fluorescence for 
excitation-emission conditions available with the confocal microscope was rather weak, it 
was sufficient to confirm the formation o f the polymer and to characterize its distribution 
within the capsule interior. The atomic force microscopy (AFM) images o f hollow 
capsules, capsules filled with peroxidase, and those after polymerization of tyramine 
within the capsules were obtained using a Q-Scope 250 Quesant instrument with 
intermittent-contact mode. Samples for AFM were prepared by applying 5 pL o f capsule 
suspension on a fresh cleaved mica surface followed by drying of the samples in air, at 
room temperature.
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CHAPTER 4
INSTRUMENTATION
4.1 QCM characterization
QCM was used to characterize the growth of protein and polyelectrolyte layers 
using the principle o f frequency change with change in mass o f the QCM resonator used 
as a substrate for deposition.
The QCM uses the piezoelectric properties o f quartz crystal. An electric field is applied 
to gold or silver coated crystals, which causes a shear deformation (parallel to the 
surface). The crystal can be made to resonate if  an alternating field is applied at a 
particular frequency. This resonant frequency is given by an empirical equation (equation
4.1) [131].
Equation 4 .1
where
fj.q = shear modulus o f the quartz crystal (2.947 x 1011 dyne/cm2 for AT—cut quartz
crystal)
p q = density o f quartz (2.648 gm cm”3)
30
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x  = thickness o f the quartz
The deposition of gold or silver to form the electrodes dampens the resonant frequency. 
However, the deposition o f nanoparticle monolayers further dampens this frequency. The 
relation between the dampening o f frequency to the change in the surface attached mass, 
assuming a thin uniform rigidly attached mass, is given by the Sauerbrey equation 
(equation 4.2) [132], derived in the following sequence:
where
M = mass o f the quartz crystal per unit area 
m = total mass o f the quartz crystal 
A = area o f the quartz crystal
The equation 4.2 can be combined with equation 4.3 to give
The addition o f mass (per unit area) AM causes a change in resonant frequency A f 0 
yields
m
Equation 4. 2
/ o W  = 2 (M )
Equation 4. 3
/ o(M ) + A/ 0 =
2{M  + AM)
Equation 4. 4
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Combining above two equations, we get
4 4 ^  4 w «
A /o  - 2(M + AM) 2 M
Equation 4. 5
V^ w / am
2 (M  + AM)M 
Equation 4. 6
_ -V^P.AM
„ , , ? „ AM .2M (1 + ----- )
M
Equation 4. 7
Combining equation 4.7 with the equation 4.3, we get
A /o
- / 0(M)AM
a m .
M
Equation 4. 8
For a very small mass deposited, where AM «  M equation 4.8 when combined with 
equation 4.2 becomes
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- / o ( 0 ) A M  - / „ (  0 )A m
M  AxqPq
Equation 4. 9
where / 0 (0 ) is the resonant frequency (with no attached mass)
Thus the Sauerbrey equation is given as
A /o  =  -j  ^ U m  = -SAm
{A x , P ,  J
Equation 4 .10
where
Am = the change in surface mass 
A = piezoelectrically active area 
S = Sauerbrey constant
The Sauerbrey constant is independent o f any solution chemistry as the constant depends 
on well-defined physical constants. Therefore, no calibration is required for the 
instrument, which uses the Sauerbrey equation to calculate mass data).
For the experiments carried out in this work, the version o f Sauerbrey equation used is
AF(Hz) = -0.87 AM (ng)
Equation 4.11
The equation for calculating the thickness o f the deposited films is
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Equation 4.12
4.2 “Zeta-Plus” Potential Measurement
Particles dispersed in liquids usually have a charge on their surfaces. If an electric 
field is applied in the liquid, these particles will move towards the positive or negative 
pole of the field applied, depending on their charge. The sign and magnitude o f the zeta 
potential indicated by the zeta potential measurement instrument characterizes the surface 
properties of materials. These parameters are a function o f pH, surfactant, salt, or 
dispersing agent concentration. The repulsive forces in electrostatically stabilized systems 
are determined by the zeta potential measurement instrument and therefore are a measure 
o f changes in relative stability. High values, either positive or negative, signify stability 
whereas values approaching zero signify instability, typically either flocculation or 
coagulation. The charge, which develops at the interface between a colloidal particle and 
the liquid medium in which it is suspended, may arise by any o f several mechanisms. 
Among these are the dissociation o f ionogenic groups in the particle surface and the 
differential adsorption from solution o f ions o f different charges into the surface region; 
in clays, ion exchange mechanisms may also be important. The development o f a net 
charge at the particle surface affects the distribution o f ions in the neighboring interfacial 
region, resulting in an increased concentration o f counter-ions o f charge opposite to that 
o f the particle close to the surface, which results in an electrical double layer at the 
particle—liquid interface. This double layer may be considered to consist o f two parts: an
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inner region, which includes ions bound relatively strongly to the surface (including 
specifically adsorbed ions), and an outer, or diffuse, region in which the ion distribution 
is determined by a balance of electrostatic forces and random thermal motion. The 
potential in this region therefore decays as the distance from the surface increases until, at 
sufficient distance, it reaches the bulk solution value, conventionally taken to be zero.
When the sample is subjected to an electric field as in microelectrophoresis, each 
particle and its most closely associated ions move through the solution as a unit and the 
potential at the boundary between this unit, i.e., at the surface of shear between the 
particle with its ions and the surrounding medium, is known as the zeta potential. Zeta 
potential is therefore a function o f the surface charge o f the particle, any adsorbed layer at 
the interface and the nature and composition o f the surrounding medium in which the 
particle is suspended. It is usually o f the same sign as the potential actually at the particle 
surface [133].
4.3 Confocal Laser Scanning Microscope (CLSM)
Confocal Microscopy (also referred to as CSLM, Confocal Scanning Laser 
Microscopy) is now established as a valuable tool for obtaining high-resolution images 
and 3-D reconstructions o f a variety o f specimens. In CLSM, a laser light beam is 
expanded to make optimal use o f the optics in the objective. Through an x-y deflection 
mechanism this beam is turned into a scanning beam, focused to a small spot by an 
objective lens onto a fluorescent specimen. The mixture of reflected light and emitted 
fluorescent light is captured by the same objective and (after conversion into a static
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beam by the x-y scanner device) is focused onto a photo detector (photomultiplier) via a 
dichroic mirror (beam splitter). The reflected light is diverted by the dichroic mirror 
while the emitted fluorescent light passes through in the direction o f the photomultiplier. 
A confocal aperture (pinhole) is placed in front o f the photo detector, such that the 
fluorescent light (not the reflected light) from points on the specimen that are not within 
the focal plane where the laser beam was focused (the so-called out-of-focus light) will 
be largely obstructed by the pinhole. In this way, out-of-focus information (both above 
and below the focal plane) is greatly reduced. This becomes especially important when 
dealing with thick specimens. The spot that is focused on the center o f the pinhole is 
often referred to as the "confocal spot” [134]
A 2-D image of a small partial volume of the specimen centered on the focal 
plane (referred to as an optical section) is generated by performing a raster sweep o f the 
specimen at that focal plane. As the laser scans across the specimen, the analog light 
signal, detected by the photomultiplier, is converted into a digital signal, contributing to a 
pixel-based image displayed on a computer monitor attached to the LSCM. The relative 
intensity o f the fluorescent light, emitted from the laser-hit point, corresponds to the 
intensity o f the resulting pixel in the image (typically 8 -bit grayscale). The plane o f focus 
(Z-plane) is selected by a computer-controlled fine-stepping motor, which moves the 
microscope stage up and down. Typical focus motors can adjust the focal plane in 
increments as small as 0.1 micron. A 3-D reconstruction of a specimen can be generated 
by stacking 2-D optical sections collected in series [135]. For characterization, a 5mL 
sample was placed on a microscope slide. A drop o f oil was applied to the bottom o f the 
microscope slide when using the “oil-objective” (64X). After focusing the sample
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manually, LEICA software integrated with the CLSM aided in the visualization and 
characterization o f the sample.
4.4 Fluorescence Spectrophotometer (FS)
Fluorescence occurs when a molecule absorbs light photons from the ultraviolet 
(UV) to visible light spectrum, (known as excitation) and then rapidly emits light photons 
as it returns to its ground state. Fluorimetry characterizes the relationship between 
absorbed and emitted photons at specified wavelengths. All chemical compounds absorb 
energy which causes excitation o f electrons bound in the molecule, such as increased 
vibrational energy or, under appropriate conditions, transitions between discrete 
electronic energy states. For a transition to occur, the absorbed energy must be equivalent 
to the difference between the initial electronic state and a high-energy state. This is 
termed the excitation wavelength. If conditions permit, an excited molecule will return to 
ground state by emission o f energy through heat and/or emission o f energy quanta such 
as photons. The emission energy or wavelength o f these quanta are also equivalent to the 
difference between two discrete energy states and are characteristic o f the molecular 
structure. Fluorescence occurs when a molecule absorbs photons from the UV-visible 
light spectrum (200-900 nm), causing transition to a high-energy electronic state and then 
emits photons as it returns to its initial state in less than 10' 9 sec. Some energy within the 
molecule is lost through heat or vibration so that emitted energy is less than the exciting 
energy; i.e., the emission wavelength is always longer than the excitation wavelength. 
The difference between the excitation and emission wavelengths is called the Stokes shift
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[136]. Fluorescence excitation and emission characteristics were recorded with a 
Fluorescence Spectrophotometer.
4.5 Atomic Force Microscope (AFM)
The atomic force microscope is one of about two dozen types o f scanned- 
proximity probe microscopes. All these microscopes work by measuring a local property, 
such as height, optical absorption, or magnetism, with a probe or "tip" placed in close 
proximity to the sample. The small probe to sample separation (approximately the 
instrument's resolution) makes it possible to take measurements over a small area. The 
resulting image resembles an image on a television screen in that both consist o f many 
equally spaced rows or lines o f information. Unlike traditional microscopes, scanned- 
probe systems do not use lenses. The size o f the probe, rather than diffraction effects, 
generally limits resolution. The AFM operates by measuring attractive or repulsive forces 
between a tip and the sample [137]. In its repulsive "contact" mode, the instrument lightly 
touches a tip at the end o f a leaf spring or "cantilever" to the sample. As a raster-scan 
drags the tip over the sample, a detection apparatus measures the vertical deflection o f the 
cantilever, which indicates the local sample height. In non-contact mode, the AFM 
derives topographic images from measurements o f attractive forces; the tip does not 
touch the sample [138].A Q-Scope 250 Quesant AFM with intermittent-contact mode 
was used for characterization o f microcapsules with no polymer, with enzyme 
encapsulated within, and with polymerization within.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 5
RESULTS AND DISCUSSIONS
5.1 Fabrication of (PEM)s and Encapsulation of HRP Within Capsules
Four bilayers of PSS and PAH [(PSS/PAH)4] were assembled on MF-cores as 
indicated in Chapter 3. Figure 5.1 shows the alternation o f C, potential with the adsorption 
o f each polyelectrolyte layer onto the MF cores. The assembly is repeatable, stable, and 
follows the general scheme o f alternate adsorption o f oppositely charged polyelectrolytes 
[139, 140], After core dissolution (Figure 5.2a), hollow shells have a diameter o f about
4.5 pm and exhibit some shrinkage when compared with the parent MF cores (5.0 m 
diameter). Encapsulation o f (HRP) in the capsules was the first step towards achieving 
polymerization in the capsules. When pH o f the bulk HRP solution, in which the capsules 
were suspended, was adjusted to 4.0 there was an increase in shell permeability. This 
effect would have resulted in “openings” in the wall o f the capsules that allow permeation 
o f HRP into the capsules. Conversely, when the pH was adjusted to 8.5, there was 
“closing” of the capsules’ wall leaving HRP trapped in the walls and within the capsules 
[141]. Figure 5.2b shows the capsules after encapsulation o f FITC-labeled HRP. The 
confocal intensity profiles o f both empty and filled capsules taken across their equatorial 
plane confirm uniform encapsulation o f capsules with HRP (Figure 5.2)
39
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Figure 5.1: C, potential of polyelectrolytes coated MF particles vs. the number of 
adsorbed layers. The dashed and solid lines represent data of two independent 
experiments on assembling (PSS/PAH ) 4  layers on MF cores
5.2 Polymerization Catalyzed by HRP Within Microcapsules
Because o f their low molecular weight, tyramine and H2O2 permeated freely into 
the capsules already loaded with HRP. Polymer formation was effected both within the 
capsules’ interior and in the polyelectrolyte walls where all the three reagents (tyramine, 
hydrogen peroxide and catalyst-HRP) were present. We assume that the polymer with 
relatively long polymer chains remains inside the capsules due to the selective 
permeability o f  the capsule walls [142], Capsule walls are not permeable to molecules 
with molecular weight higher than 4,000, which corresponds in our case to 
polymerization degree for tyramine o f 24. Residual polymer formation in free solution 
could have been effected by the presence o f trace amounts o f HRP released from
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capsules. The capsules with the polymer inside were washed several times with DI water 
to remove traces o f unreacted monomer, H2 O2 , peroxidase and oligomers in bulk 
solution.
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Figure 5.2: (a) Confocal images of hollow (PSS/PAH ) 4  capsules obtained after core 
dissolution (FITC was added to the suspension to visualize the capsules and 
(b)capsules loaded with HRP labeled with FITC, as well as corresponding intensity 
profiles across the equatorial plane of the capsules
Peroxidase-catalyzed polymerization o f phenol and its derivatives usually produce 
a polymer with a complicated structure. The main structure is composed o f repeating 
phenylene units or a mixture o f phenylene and oxyphenylene [143-148], Due to radical 
resonance along the phenolic ring, one-electron oxidation o f oxyphenol activates ortho
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and para positions o f the phenolic ring making them additional radical centers for chain 
propagation [144], Formation of numerous coupling products and polymers depends on 
the structure o f the monomer used and the presence o f additives providing templates for 
specific attachment o f the monomer before polymerization [148], The polymer formed 
has a structure composed o f several conjugated bonds contributing to its fluorescent 
nature, and in the case o f several phenol polymers, the formation of fluorescent products 
was demonstrated [143, 149-151], The absorption and emission band o f such polymers 
has been detailed elsewhere [143], In some cases, a long tail o f fluorescence in the visible 
range was found because o f formation o f fluorescent groups. Since the fluorescence is 
very sensitive and even trace amounts of such groups in a polymer backbone can be 
recorded, it is possible to monitor synthesis o f such polymers.
The fluorescence spectrum of the polymer formed in free solution from its 
corresponding monomer appears as shown in Figure 5.3a. The excitation and emission 
wavelengths for the polymer in free solution are 294 and 408 nm respectively, a result 
which is in good agreement with results (326 and 410 nm) reported in the literature 
[149,150]. For polymer inside the polyelectrolyte capsules, the emission characteristic 
(for excitation at 321 nm) was as shown in Figure 4b. There is no prominent maximum 
intensity peak, but an exponential decline o f emission with increasing wavelength was 
found. However, an inconspicuous peak at 414 nm can be seen which corresponds to the 
emission peak o f polymer in free solution. We believe that presence o f phenolic groups in 
polyelectrolytes like PSS used for construction o f hollow capsules may result in 
considerable noise in the emission spectrum of polymer confined within capsules as well 
as in unexpected peaks. Tails o f absorption and emission in the visible range of spectra
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were found, which allowed use o f confocal microscopy for visualization of capsules 
containing fluorescent polymer. It has to be mentioned that synthesis in submicron 
volume often yields products with a structure different from that found in bulk solution 
[143]. In this case, phenol polymer was formed in the presence o f relatively high amount 
o f proteins and in the vicinity o f charged polyelectrolyte surfaces, which can affect the 
morphology of the polymer and its optical properties. For example, for polyaniline 
formed in presence o f poly(styrene sulfonate) a 2 0 0 -nm shift o f adsorption maximum to 
the higher wavelength was found [148]. Emission spectrum o f empty shells (Figure 5.3b) 
is practically flat except for very feeble intensity maxima at 360 nm, which is very close 
to the excitation wavelength o f 320 nm and can be attributed to Raman effects.
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Figure 5.3: Emission and excitation spectra: (a) polymer formed in bulk 
solution where curve (1 ) represents the excitation characteristic and curve (2 ) 
represents the emission characteristic; (b) excitation and emission spectra 
where curve (3) represents emission characteristic for polymer formed within 
shells (excited at 321nm), (4) represents emission characteristics for HRP-FITC 
encapsulated within shells (excited at 488 nm), and (5) represents emission for
empty shells (excited at 320 nm)
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Figure 5.4a and b show confocal images and intensity profiles for capsules filled 
with polymer formed at different concentrations o f monomer. The effect o f monomer 
concentration was checked by carrying out polymerization at tyramine concentrations o f 
4 mg/mL and 60 mg/mL. One can see that the relative intensity of fluorescence is more 
pronounced at the walls o f the capsules as compared to the capsules’ interior. It may be 
due to (1) higher adsorption of catalyst (HRP) within capsule walls, (2) adsorption o f the 
polymer formed inside capsule onto the walls, or (3) different structure and optical 
characteristics o f the polymer formed on polyelectrolyte layers. In the case o f higher 
monomer concentrations, higher ratio o f fluorescence intensity at the wall to that in the 
interior was obtained. Therefore, the amount o f polymer formed in the walls as well as in 
the interior o f the capsules increases with the increase in monomer concentration. 
Brighter spots o f 400 nm diameter are visible in the capsule cross-sectional image (Figure 
5.4c), which indicate polymer nucleation.
For better understanding the morphology o f the polymer formed in the capsules, 
fluorescein isothiocyanate (FITC) was used to stain the capsules filled with polymer 
(Figure 5.4c). The distribution appears to be in the form of small “islets” within the 
capsules. The noticeable formation o f these “islets” began 40-50 min after addition of 
H2O2 to the reaction mixture. No patterning was found if  only tyramine was added to the 
capsules loaded with peroxidase.
The dimensions o f the islets are about 400 nm in diameter, and their appearance 
can be attributed to increasing hydrophobicity o f material within the capsules with 
formation o f rather hydrophobic phenolic polymer, which prevents delivery o f the 
monomers to the reaction zone. It should be mentioned that HRP acts as the catalyst and
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a template for the polymerization, and that the polymer is formed at tyrosine sites o f HRP 
[141].
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Figure 5.4: Confocal images of capsules with polymer formed in situ at different 
concentration of monomer: (a) - 4 mg/ml: (b) - 60 mg/ml and corresponding 
intensity profiles, (c) - same as (b) but additionally labeled with FITC
The AFM image o f hollow capsules (Figure 5.5) shows that the total height o f the 
folded and dried four-bilayer capsule is about 20 nm. The thickness o f a capsule with 
peroxidase encapsulated inside increased to 40 nm, indicating that extra material is 
included inside. Considering the shape o f dried capsule to be a cylinder and assuming the 
density o f solid residue o f polymer and protein as ca. 1 . 1  g/cm3, the mass o f a hollow
capsule can be estimated as 0.5 x 10' 12 g. The mass o f HRP loaded in the capsule is ca.
120.7 x 10' g. CLSM gives the diameter o f such capsule in solution o f about 7.0 pm and 
its volume is 1.8 x 10' 10 cm3. Therefore, the concentration o f peroxidase inside the
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capsule is about 4.1 mg/mL. It is larger than the initial peroxidase concentration used for 
the loading (1.5 mg/mL) and indicates accumulation o f the protein inside the capsules. 
Similar protein accumulation was observed for polyelectrolyte capsule loading with 
hemoglobin and glucose oxidase. Loading with initial 0.5 mg/mL resulted in 25-30 
mg/mL protein concentration in the capsule [141]. The mechanism for a protein 
concentration increase inside the capsules is not obvious. It may be connected with 
asymmetrical diffusion in and out o f the capsules due to asymmetry in the capsule wall 
having a negative inner surface (PSS) and positive outermost surface (PAH). Consider 
the AFM image of dried polymer-loaded capsule (Figure 5.5c).
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Figure 5.5: AFM images of capsules and height profiles of one of the capsules: (a) 
hollow, (b) filled with HRP, and (c) after polymerization of tyramine inside the
capsules
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The diameter o f the capsule filled with polymer is 7.5 mm, its cross section is 
44.2 x 1CT8 cm2, and the height in dry state is 240 nm (i.e., much more than thickness of 
empty capsules, Figure 5.5a). Therefore, the volume of a dried capsule containing 
polymer is 10.6 x 10' 12 cm3, and its mass is 11.7 x 10' 12 g (if density o f solid residue is 
considered as 1.1 g/cm3). From these values, one can calculate that the mass o f polymer 
formed in the capsule is 10.4 x 10' 12 g; this value is one order o f magnitude higher than 
the amount o f peroxidase loaded in one capsule, which is evidence of occurring 
polymerization. This conclusion is also confirmed by the results obtained by using QCM 
and confocal microscopy. The evaluated mass o f a dry capsule increases from ca. ~ 1 0 12 g 
for empty and HRP loaded capsules to >10‘n g after polymerization. In the case of 30 
mg/mL initial tyramine concentration, the amount of monomer in one 7.5mm diameter
capsule should reach 6 . 6  x 10' 12 g, assuming equilibrium with bulk concentration. In
12comparison with the polymer mass calculated within a microcapsule (10.4 x 10' g), it
appears that additional tyramine participates in the polymerization reaction diffusing into 
the capsules from the surrounding solution during the polymerization. Different 
explanations can be proposed for the fact that the amount of the polymer remaining inside 
the capsules is smaller than the amount o f bulk monomer available for polymerization. 
All capsules occupy less than 1.5% of total volume o f the solution, meaning that not all 
tyramine was polymerized. One o f the reasons for the deceleration o f the reaction at this 
stage may be the blocking o f peroxidase catalytic centers with formed polymers [148, 
149]. Indirect experimental evidence for this phenomenon may be the formation o f islets 
with increased density within capsules composed possibly from HRP-polymer 
complexes. The sealing o f the walls with newly formed polymer which then prevents
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penetration o f tyramine molecules inside the capsules should also be considered. 
Permeability o f the walls for oligomers with molecular weight lower than several 
thousand could also result in the loss of some polymeric materials.
5.3 Papain Assembly and Polymerization on QCM Resonator
Four bilayers o f (PSS/PDDA) were deposited on a QCM resonator as precursor 
layers. Alternate assembly of (PSS/PDDA)4/ PSS ensured uniform coverage of the QCM 
resonator substrate with uniform coverage. With its isoelectric point between pH 8.0 and 
9.5, Papain can be assumed to be positively charged at pH 6.5 (this was the pH at which 
Papain was used for assembly) [118, 119]. The deposition o f each layer o f Papain was 
indicated by a positive increase in thickness, which confirmed our assumption, and that 
Papain can be assembled with precision thickness in the range o f 3-4 nm per step o f 
growth. Figure 5.6 represents the measured change in thickness plotted against number of 
layers. The total thickness o f the films deposited for o f (PSS/PDDAV PSS/ 
Papain/PSS)io/Papain is approximately 45 nm. The assembly was also found to be 
repeatable and stable for the sequence, (PSS/PDDA) 4/  PSS/ Papain/PSS) 5/Papain (Figure 
5.7).
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Figure 5.6: QCM characterization showing thickness variation with deposition of 
each monolayer of (PSS/PDDA)4/(PSS)/(Papain/PSS)io(Papain)
In another experiment, assembly of (PSS/PDDA) 4/  PSS/ Papain/PSS) 5/Papain 
was achieved. This resonator was then immersed in phenylalanine (monomer) solution 
(120 mg/mL) and heated in a water bath at 40°C for 7.5 h. The change in thickness was 
monitored after 1.5h and 7.5 h subsequent to polymerization. As seen from Figure 5.7, a 
decrease in thickness was observed followed by a sharp increase after 7.5 h indicating 
that polymerization was effected and that the polymer formed was deposited on the QCM 
resonator. We believe that the decrease in thickness (c.a ~ 10 nm) was a result o f 
“compaction” o f layers due to the extended heating. Polymerization is initiated in 3 h and 
proceeds linearly with time [118], corresponding to the sharp increase in thickness 
(Figure 5.7)
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Figure 5.7: QCM monitoring of change in thickness with assembly of Papain on 
resonator before and after polymerization. Two separate experiments were 
conducted with two different resonators: one for assembly of Papain and one for 
assembly of Papain followed by polymerization
5.4 Papain Assembly on MnCCh Cores
Two bilayers o f (PSS/PAH ) 2  followed by three bilayers o f (PSS/Papain) 3  were 
assembled on M11CO3 cores as described in Chapter 3. Figure 5.8 shows the alternation o f 
C, potential with the adsorption o f each layer onto the cores. MnCCh cores posses uniform 
positive charge in the monodispersed state. After assembly o f the first layer o f PSS, 
which is negatively charged polyelectrolyte, the charge on the MnCC>3 cores becomes 
negative as is indicated by the §-potential (-30 to -70 mV) (Figure 5.8). Thereafter, with 
the deposition o f each PAH and PSS layer deposition, charge alternation is observed. 
After (PSS/PAH)3/(PSS), the MnCC>3 cores possess an overall negative surface charge. 
Deposition o f the first layer o f Papain results in alternation o f the ^-potential to +25 to 
+40 mV indicating that Papain is positively charged and that it can be assembled 
alternately with PSS. Alternate assembly of (Papain/PSS)2/(Papain) was successfully
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achieved with the outermost layer being Papain. The assembly is repeatable and stable for 
four different sets o f experiments conducted independently (Figure 5.8). In a separate set 
o f experiments, FITC- Papain was employed for assembly [(PSS/PAH)2/(PSS/Papain)3] 
on M nC0 3 cores in order to confirm the deposition of papain on the cores via CLSM 
characterization. Figure 5.9 shows a CLSM image of cores with FITC-Papain assembled 
on them. FITC-Papain was deposited uniformly only on the outer surface o f all the cores, 
as indicated by the fluorescence intensity profile taken across the equatorial plane o f one 
of the capsules (Figure 5.9b). No change in the structural conformation o f the cores was 
observed.
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Figure 5.8: C,- potential monitoring of assembly of (PSS/PAH)2/(PSS/Papain ) 3 on
MnCC>3 particles (d = 6.2 pm)
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Figure 5.9: (a) CLSM image of M nC 0 3 capsules with (PSS/PAH) 4/ (PSS/FITC- 
Papain) 3 and (b) CLSM image showing intensity variation across the equatorial
plane
MnCC>3 cores with [(PSS/PAH) 2/ (PSS/FITC-Papain) 3] were prepared, and 
polymerization was effected on the cores, as described in Chapter 3. After 6  hours o f 
heating at 40°C with constant stirring, the sample was washed several times with DI 
water to remove traces o f unreacted phenylalanine and polyphenylalanine that formed in 
bulk solution. CLSM characterization showed that the enzyme assembled on the surface 
o f the cores had permeated into the cores (Figure 5.10a). This result can be confirmed by 
the intensity profile taken across the equatorial plane o f the cores after polymerization 
(Figure 5.10b). We believe that this phenomenon is due to formation o f 
polyphenylalanine on the surface o f the cores. The distribution o f FITC-Papain is 
uniform on the surface o f the M nC 0 3 cores (Figure 5.9). As the enzyme catalyzes the 
formation o f peptide bonds between phenylalanine molecules, insoluble particles o f
5.5 Polymerization of Phenylalanine Catalyzed by 
Papain Assembled on MnCQ3 Cores
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polyphenylalanine are formed which are insoluble in water. These particles form at the 
active sites o f the enzyme and with time, occupy more surface area, thereby forcing the 
FITC-Papain into the MnC0 3  cores. MnCC>3 cores are not known to be porous in nature. 
However, the combination of two factors namely, (1) heating at 40°C over an extended 
period o f time and (2 ) insoluble polypeptide formation at active sites o f the enzyme 
assembled on the cores may result in pore formation within the cores.
In a separate experiment, MnCC>3 cores with [(PSS/PAH) 2/ (PSS/FITC-Papain) 3] 
which were heated in DI water, in the absence of phenylalanine, at 40°C for 6  hours 
showed no noticeable change with respect to the distribution o f the FITC-Papain 
assembled on the cores was concerned. Therefore, we concluded that the unique 
conformation of the FITC-Papain for the case o f cores on which polymerization was 
effected, was indeed due to the formation o f the polypeptides on the surface o f the 
MnCC>3 cores. (Figure 5.11)
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Figure 5.10: (a)CLSM image of FITC-Papain assembled on MnCC>3 cores and 
intensity profile across equatorial plane, (b)CLSM image of MnC ( ) 3  cores with 
FITC-Papain assembled on them, after polymerization with intensity profile 
across the equatorial plane
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Figure 5.11: (a) CLSM image of M 11CO3 cores with FITC-Papain assembled on 
them after heating in DI water at 40°C for 6 hours, (b) with intensity profile 
across the equatorial plane
5.6 Encapsulation of Papain Within (TA/CHW) s Microcapsules
TA/CHW capsules were fabricated using the procedure described in Chapter 3 
and used for encapsulating Papain. When the pH of the bulk rhodamine-Papain solution 
in which the capsules were suspended was adjusted to 5.0, increase in shell permeability 
occurred. This effect could have resulted in “openings” in the walls o f the capsules that 
allow permeation o f HRP into the capsules. Conversely, when the pH was adjusted to 8.5, 
there was “closing” o f the capsules’ wall leaving rhodamine-Papain trapped in the walls 
and within the capsules [141]. The principle behind encapsulating Papain is the same as 
that for encapsulating HRP. Figure 5.12 shows the capsules after encapsulation o f 
Rhodamine-labeled Papain. The confocal intensity profiles o f both empty (TA/CHW) 5 
and filled capsules taken across their equatorial plane confirm nearly uniform 
encapsulation o f capsules with Papain (Figure 5.13, Figure 5.14)
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Figure 5.12: (a) CLSM image of empty (Tannic Acid/ Chitosan) 5 capsules and (b) 
(Tannic Acid/ Chitosan) 5  capsules loaded with Rhodamine-labeled Papain
The loading was estimated as ((Fmm - F 0)/(Fmax - F0)) x 100%, where Fmax, Fmm, 
and Ft) were the signal intensities from the walls and interior o f the capsule and that from 
outside the capsule obtained from a fluorescence profile taken along the capsule cross- 
section. The extent o f filling o f the capsules is estimated from this formula c.a ~ 60%.
4 60 2 8
Distance (microns)
Figure 5.13: (a) High magnification CLSM image of empty (Tannic Acid/ 
Chitosan) 5 capsule; (b) CLSM intensity profile across equatorial plane of the
capsule
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Figure 5.14: (a) High magnification CLSM image of two (Tannic Acid/ Chitosan)5 
capsules loaded with Rhodamine-labeled Papain; (b)CLSM intensity profile across
equatorial plane of a capsule
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
HRP encapsulated capsules formed via LbL have been successfully utilized for 
synthesizing polymer within the capsules. We have presented a general method for 
polymer incorporation in capsules using small monomers, which can easily penetrate the 
capsule wall. The captured polymers exhibit fluorescent properties, allowing for selective 
light-guided addressing of the capsules. The polymers are formed both on the wall and 
inside the capsules with the polymer being more concentrated at the walls than in the 
interior o f the capsules. Monomer concentration has proven to be one o f the degrees o f 
freedom for the polymerization reaction. As the monomer concentration was increased, 
the extent to which the capsules were filled with polymer increased significantly.
Fabrication o f polyelectrolyte capsules using MnC0 3  cores was achieved. Papain 
assembly on MnCC>3 cores was achieved and polymerization was effected on the outer 
surface o f the cores. Fabrication o f (TA/CHW) 5 microcapsules was achieved and these 
capsules were successfully used for encapsulating papain within. Due to the capability o f 
encapsulation o f biochemical catalysts such as enzymes, there are limitless possibilities 
for reactions that can be carried out within these microcapsules.
57
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Modified capsules can be used as fluorescent microparticles for immunoassays, 
nanoreactors for chemical synthesis, and sensory applications. The formation of 
biocatalyst-rich pools in continuous water phase can be formed within microcapsules. 
The encapsulation of enzymes within the microcapsules opens up limitless possibilities 
for construction of new types of nanocomposites with desirable properties in biologically 
friendly environment.
6.2 Recommendations for Future Work
Polymerization on MnC0 3  cores with papain assembled on them was achieved. 
For this work, CLSM characterization was the only method used to study the process. 
Although there is a perceptible and unique change in the distribution o f the FITC-papain 
assembled on the MnCC>3 cores which is observable only after polymerization, there is no 
direct proof o f the presence of polymer on the cores. Therefore, we plan to label the end- 
groups o f the peptide using fluorescent peptide-labels in order to visualize the 
polyphenylalalnine forming on the cores. We also plan to use other methods such as UV- 
Vis, Fluorescence Spectrophotometry, AFM, and Matrix-Assisted Laser Desorption 
Ionization (MALDI) mass spectroscopy for further characterization of the polypeptides 
synthesized both on the cores as well as within TA/CHW microcapsules. We intend to 
follow the same methodology for characterizing polypeptides within microcapsules as 
was undertaken successfully for polymerization using HRP.
One possible future endeavor could entail experimentation in the direction o f 
characterizing sequenced polypeptide formation using different monomers within 
microcapsules. This would enable fabrication o f microcapsules loaded with sequenced
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
polypeptides and their sustained release in certain cases when the sequenced polypeptide 
encapsulated within microcapsules possesses therapeutic properties.
Also several reaction parameters that can be used as degrees o f freedom in order 
to study the behavior of the polymerization system include
• Temperature
• pH of monomer solution
• Concentration o f monomer
• Enzyme concentration encapsulated within microcapsules or on the outer 
surface o f microcapsules
• Time o f heating
Enzyme kinetics can be studied by applying Michaelis-Menten modeling, which will 
provide more insight into the dynamics o f the polymerization reaction allowing one to 
control key parameters and optimize the yield o f the resulting product. By modifying 
certain factors, it can also be possible to synthesize products with different properties.
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APPENDIX A
Nr. Substrate Method Observations
1
ABTS (2,2’-
azino-di[3-
ethyl-
benzothiazolin-
(6)-sulfonate])
spectrophotometric the method of choice, also 
used in ELISA
2 pyrogallol spectrophotometric
(the result is also known as 
P .Z. -Purpurogallinzahl)
fluorimetric
polarographic
titrimetric
gasometric
3 guaiacol spectrophotometric
chronometric
titrimetric
4 hydroquinone polarographic
the residual H20 2 or 
substrate concentration are 
determined
fluorimetric the residual hydroquinone is detected with silver halides
chronometric together with ascorbate
5 o-tolidine spectrophotometric also in ELISA
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6
5-
aminosalicylic
acid
spectrophotometric also in ELISA
7
0-
phenylenediami
ne
spectrophotometric
also in ELISA; reducing 
agents such as sulfite 
stabilize the system by 
reacting with excess H202 
after the enzymatic reaction 
has been terminated
spectrophotometric in reversed micelles
pH changes are 
measured
8
p-hydroxy-
benzensulfonat
e
spectrophotometric coupled to 4- 
aminoantipyrine
9
4-
aminoantipyrin
e
spectrophotometric
coupled to p- 
hydroxybenzensulfonate
spectrophotometric
coupled to N-ethyl-N-(2- 
hydroxy-3 -sulfopropyl)-m- 
toluidine
spectrophotometric
coupled to phenol; also in 
ELA (Trinder reagent) and 
also applied for model 
systems
spectrophotometric
coupled to N,N-diethyl- 
aniline
spectrophotometric coupled to 2,4-diclorophenol
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10
3,3’, 5,5’-
tetramethyl-
benzidine
spectrophotometric
also in ELISA; surfactants, g 
-cyclodextrin, penicillin (or 
derivatives thereof) may be 
used as additives
after electrophoresis
11 phenol EPR
spectrophotometric
coupled to 4- 
aminoantipyrine, in EIA 
(Trinder reagent)
spectrophotometric
12
5-phenyl-4-
pentenyl-
hydroperoxide
(PPHP)
spectrophotometric
selective peroxidase reagent, 
used together with a 
reducing substrate
13 fluorescein fluorimetric
14 p-anisidine spectrophotometric
15
3-methyl-2- 
benzothiazolin 
on hydrazone 
(MBTH)
spectrophotometric
yields an indamine when 
reacting with m- 
dimethylaminobenzoic acid
spectrophotometric ELISA
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16
m-dimethyl-
aminobenzoic
acid
spectrophotometric
yields an indamine when 
reacting with MBTH
17 luminol fluorimetric
in EIA; an impressive 
number of substances may 
be used as activators
18
L012 (luminol 
analog)
fluorimetric same as above
19
N-ethyl-N-(2-
hydroxy-3-
sulfopropyl)-m-
toluidine
spectrophotometric coupled to 4- 
aminoantipyrine
20
3,3’-diamino-
benzidine spectrophotometric
21 p-phenylene-
diamine spectrophotometric
22
m-phenylene-
diamine spectrophotometric
23 pyrocatechin spectrophotometric
polarographic
iodometric
enzymatically produced 
quinone is titrated with 
iodine
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24 o-dianisidine spectrophotometric free or dextrane-bound
25 caffeic acid fluorimetric
26 ferulic acid fluorimetric
27
p-coumaric
acid fluorimetric
28
coniferyl
alcohol fluorimetric
29
5-(5'-
azoluciferinyl)- 
2,3-dihydro-1,4- 
phtalazindione 
(ALPDO)
fluorimetric
30
p-hydroxy- 
phenylpropioni 
c acid
fluorimetric
also in ELISA; alone or 
together with a surfactant 
(CTAB or CTAC)
31 homovanillicacid fluorimetric
o-dianisidine may be used as 
activator
32 N,N-diethylaniline spectrophotometric
also coupled to 4- 
aminoantipyrine; also used 
for model systems
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33
3-amino-9-
ethylcarbazole spectrophotometric
ELISA
34 mesidine spectrophotometric
35 ferrocyanide
36 malachite green spectrophotometric
37 guaiac resin chronometric
spectrophotometric guaiaconic acid is the main 
product
38 benzidine chronometric ascorbate is also needed
spectrophotometric
39
2,6-
dichlorophenoli
ndophenol
spectrophotometric
40
2,3\6-
trichlorophenol-
indophenol
spectrophotometric
41 pyrogallic acid spectrophotometric yields gallopurpurin
42 phenolphtalein spectrophotometric
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43 o-toluidine spectrophotometric
chronometric ascorbate is also needed
44 guaiaconic acid spectrophotometric
45 p-toluidine spectrophotometric
46 acetylguaiacol spectrophotometric
47 o-cresol spectrophotometric
48 p-cresol Spectrophotometric
49 m-cresol spectrophotometric
50 a-naphtol spectrophotometric
also coupled with dimethyl- 
phenylendiamine (NADI 
reagent) or with p- 
phenylendiamine (Guthrie 
reagent) to yield indophenols
51 aniline spectrophotometric
52 ascorbate spectrophotometric
chronometric
iodide, o-toluidine, or 
benzidine are used as second 
substrates
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53 iodide chronometric ascorbate is used as a second 
substrate
chronometric
starch, thiosulfate and iodide 
are also needed
spectrophotometric or 
titrimetric
54
2,7-
diaminofluoren
e
spectrophotometric
55
p-
aminobenzoic
acid
spectrophotometric
56 brilliant green spectrophotometric
57
N,N-dimethyl-
p-phenylene-
diamine
spectrophotometric
58 thymol spectrophotometric
59 resorcin spectrophotometric
60 orcin spectrophotometric
61 fluoroglucine spectrophotometric
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62 benzoic acid spectrophotometric
63 salicylic acid spectrophotometric
64 pyrocatechuicacid spectrophotometric
65 Igalic acid spectrophotometric
66 I adrenaline [spectrophotometric
67 tyrosine_______ spectrophotometric
68 | tryptophane spectrophotometric
69 [flavones spectrophotometric
70
2-methyl-6-(p- 
methoxyphenyl 
>3,7-
dihydroimidazo
[l,2-a]-pirazin-
3-one
hemiluminescence luciferin analog
71
acetaminophen 
and its 
derivatives
fluorescence fluorescent 5,5’ -diacetamido- 
2,2’-bisphenol formation
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Appendix B 
Characteristics of Papain from Carica Papaya
Molecular weight: 23,000
Composition: Papain is a single peptide chain o f 211 residues folded into two parts that 
form a cleft. A three-dimensional structure has been indicated. The molecule has one free 
SH group, which is functional. There are seven subsites each capable o f accommodating 
a single amino acid residue o f a peptide substrate.
Optimum pH: 6.0 - 7.0.
E l«27«= 25.0
Isoelectric point: pH 9.6
Activators: Papain is activated by cysteine, sulfide, sulfite, etc. It is enhanced when 
heavy metal binding agents such as EDTA are also present. N-bromosuccinimide 
enhances the activity o f papain.
Inhibitors: Substances, which react with sulfhydryl groups including heavy metals, 
carbonyl reagents. Papain may be inactivated by H2O2 generated by [[gamma]]- 
irradiation o f H2O- the active SH group being oxidized to sulfenic acid.
Stability: Papain as a crystalline suspension is stable at 5°C for 6-12 months. Stabilizing 
agents are EDTA, cysteine and dimercaptopropanol. To enhance stability as well as 
solubility it may be advantageous to convert crystalline papain to its mercury derivative.
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